Linking diversity to function: highlight on the mineral weathering bacteria
It is still time to cultivate microbes
In the last decades the development of cultivationindependent approaches has permitted us to greatly improve our knowledge of the bacterial communities living in various habitats [1] . The nucleic acid-based methods targeting RNA and DNA have notably highlighted the high complexity of bacterial communities. They have also permitted to us to decipher the identity and the distribution of bacterial species, as well as the functional ones using labelled substrates and stable isotope probing (DNA SIP) [2] . These methods have enriched resources accessible in databases such as taxonomic markers, characterized functional genes, putative functional genes and unknown sequences. To date, our knowledge of the functional diversity of the bacterial communities is limited compared to taxonomic diversity mainly based on the 16S rDNA. In light of, massive developments in metagenomics, which generate millions of sequences in one run of pyrosequencing or illumina, it is clearly crucial to continue our efforts on the functional characterisation of the bacterial communities by cultivation-dependent approaches. Of course, one may criticize all the results obtained by cultivationdependent based methods, due to the fact that they focus only on culturable bacteria living in natural habitats, and in this sense studies are in progress to cultivate the hitherto 'uncultivable' microbes [3] . However, without this type of approach no functional genes would have been identified so far. A quick consultation of the public databases is very informative. Very few gene sequences which are annotated as functional genes, have really been functionally characterized. In fact, most of them have been annotated on the basis of their sequence homology. However, we believe that functional characterization is essential, because even small modifications to the nucleotide sequence of a gene due to natural events or site-directed mutagenesis can strongly impact its activity or its spectrum of degradation for an enzyme or of recognition for a sensor [4] . Moreover, some microorganisms harbour some identified functions without having the expected related genes in their genome, a fact that strongly supports the development of cultivation-dependent approaches on model strains from contrasted ecological niches to functionally characterize new genes. To go further, our ambition to understand the role and the functioning of the bacteria as well as to analyse new functions for which no genes are currently known will allow to the development of new industrial and biotechnological applications.
The development of functional assays: a central issue
For all the microbial ecology studies dealing with functions, the development of functional screening assays for bacterial collections is a central issue. Even if it is difficult to reproduce the original environmental conditions, bioassays inform on the functional potentialities of the tested microbes. The basic recommendations for designing a new functional bioassay are: i) to allow testing for a specific function; ii) to permit a comparative qualitative and quantitative screening of a series of microorganisms whatever their taxonomic belonging and their environmental origin; iii) to give reproducible results; iv) to permit a massive screening and v) to be rapid and cheap. During the last century, many bioassays have been developed to characterize the functional potential of culturable bacterial strains or of total microbial communities. Some of these bioassays have even been commercialized such as the API ® and BIOLOG ® systems, which permit the characterization of carbon metabolism of bacterial isolates or of total microbial communities extracted from an environment. New questions have led the development of new bioassays in the last decades. For example, a mineral weathering assay was recently developed [5, 6] . This bioassay, based on a natural mineral conditioned in microplates, permits testing of the mineral weathering ability of several bacterial isolates by measuring the amount of iron released from the mineral and the quantity of protons produced. The results generated by these new bioassays will allow the identification of new functional genes currently unknown that will enrich our knowledge and databases.
The functional group of mineral
weathering bacteria: combining cultivation-dependent and -independent approaches to characterize new functions
The mineral weathering process provides us with a good example of the importance of the cultivation-dependent approaches in improving our knowledge in functional microbial ecology. This process, which allows the release of nutritive cations from minerals, plays an important role in nutrient cycling and is thus essential, especially in the nutrient-poor ecosystems. Aside from the contribution of purely abiotic reactions based on physical erosion, water circulation, temperature variations, it is now well established that mineral weathering can be initiated or even accelerated by biotic actors such as plant roots and soil microorganisms through the production of protons, organic and inorganic acids, chelating compounds [7] .
For decades, mineral weathering by forest soil microorganisms has mainly been attributed to mycorrhizal fungi symbiotically associated to tree roots [8] , largely overlooking the role that other associated microorganisms may play. As a consequence, little is known so far about the taxonomic identity of mineral weathering bacteria, the genes and mechanisms they use to weather minerals as well as their distribution in the environment. Until very recently, the mineral weathering ability of bacteria was tested using in vitro assays that permitted the measurement of specific mineral weathering mechanisms such as the ability to mobilize iron (Chromazurol S assay; CAS) or to solubilize inorganic phosphate (tricalcic phosphate; TCP). The recent development of a microplate assay to measure the ability of the soil bacteria to actually weather a ubiquitous soil mineral, biotite [5, 6] has permitted to greatly improve our knowledge about the taxonomic identity, the distribution of the mineral weathering bacterial communities and to identify model bacterial strains very efficient in weathering minerals. This development opens new perspectives and should allow us to answer to the following questions: Is there a selection of efficient mineral weathering bacteria in particular ecological niches of the soil (rhizosphere, mycorrhizosphere, mineralosphere)? What is the impact of biotic (tree species effect) and abiotic (chemical nature of minerals) parameters on this selection? What is the impact of the season on this selection? Is there a relationship between the taxonomic belonging and the mineral weathering ability of the bacteria?
A combination of taxonomic and functional analyses applied on the culturable bacterial communities has revealed that the most efficient mineral weathering bacterial strains isolated from a forest soil belong to the Burkholderia and Collimonas genera [5, 7] . Based on these findings, the 16S rRNA gene sequences of Collimonas and to a lesser extent Burkholderia glathei could be considered, in the absence of currently identified marker genes of the mineral weathering function, as bioindicators of soil status (oligotrophic environment). Besides these cultivation-dependent approaches, Uroz et al. [9] developed a 454 pyrosequencing study which coherently reinforced their conclusions. They revealed that 16S rRNA gene sequences showing strong homology with Burkholderia and Collimonas were significantly enriched in the rhizosphere of oak trees compared to the surrounding bulk soil [9] . Similarly, combining cultivation-dependent and -independent approaches, Uroz et al. [10] reported that Burkholderia and Collimonas were also strongly enriched on the surface of minerals incubated several years into the field, compared to the surrounding soil. This enrichment and the relative decrease of the diversity suggest that the mineral surfaces may be considered as a specific ecological niche, the mineralosphere, where specific bacterial communities evolve.
The microcosms approach: a requested validation step
The cultivation-dependent and -independent approaches clearly improve our knowledge on the functional potentials as well as on the relative distribution of the bacteria. However, these results need to be confirmed, for example to determine if bacteria harbouring an efficient mineral weathering potential contribute effectively in situ to mineral weathering and plant nutrition. Because it is difficult to clearly determine their impact and respective contribution in the field, microcosms have been developed to simplify the environmental conditions and to be able to address these questions. Of course, microcosms partly fit with the in situ conditions, but they permit the reconstitution of complex microbial communities and facilitate the monitoring and quantification of the development of these bacteria as well as their impact. Very few studies have used such approaches so far. Among them, Calvaruso et al. [11] tested the impact of the inoculation of Burkholderia glathei strain PML1(12), previously identified as being mineral weathering efficient in an in vitro assay, using microcosms containing pine seedlings grown in a mixture of biotite and quartz. They reported that this bacterial strain significantly enhanced the release of nutritive cations from biotite compared to non-inoculated plants, and improved the plant growth. Interestingly, this growth promoting effect was only observed under nutrient-poor conditions, suggesting a role for this bacterial strain only when nutritive cations were in limit of concentration for the plant nutrition. To go further in the understanding of the mineral weathering process, Calvaruso et al. [11] also addressed the question of the effect of combination of bacterial strains. These authors showed that the combination of different efficient mineral weathering bacteria in the same microcosm do not always result in a significant increase of mineral weathering and sometimes even reduces it compared to monoinoculation conditions. This highlights the importance of the interactions between bacterial strains. Because in natural conditions microorganisms live in complex associations, we wonder what the impact of these interactions are on mineral weathering. Koele et al. [12] questioned the respective role of mineral weathering bacteria and symbiotic ectomycorrhizal fungi in the mineral weathering process. They reported a significant increase of plant magnesium uptake and plant biomass in the treatments co-inoculated with an ectomycorrhizal fungus (Laccaria bicolor or Scleroderma citrinum) and an efficient mineral weathering bacterial strain (B. glathei strain PML1 [12] or Collimonas sp. strain PMB3 [1] ) compared to non-inoculated plants or plants only inoculated with bacteria. Similarly, Toro et al. [13] , using a microcosms system, reported a beneficial effect of phosphate-solubilising bacterial strains on the growth of Allium cepa mycorrhized with Glomus intraradices compared to the condition without bacterial inoculation. However, Koele et al. [12] also demonstrated that the plant growth promoting effect was strongly linked to the interactions established by the inoculated bacterial strain with the ectomycorrhizal fungus and notably to the ability of the inoculated bacteria to colonize the ectomycorrhizosphere. Altogether, these data highlight that the interactions established by bacterial communities with plants and other microorganisms as well as with environmental conditions need our attention as they can strongly modulate the functional potential of bacterial isolates. In this context, combining functional screening using relevant bioassays with microcosms experiments is a strong necessity to discover new bacterial functions.
Conclusions and perspectives:
The identification and characterization of new functions and/or new genes are a clear challenging area of research. We still have some way to travel on our journey to fully identify the microorganisms living in our environment, to determine their relative distribution in the ecosystem and to understand their role. Multidisciplinary studies linking biogeochemistry to ecology and genetics are clearly needed to address these issues. In the case of the mineral weathering bacteria discussed in this commentary, cultivationdependent approaches have facilitated the identification of very efficient mineral weathering bacterial genera and model bacterial strains. Using this information we can now employ genomic and genetic studies to understand the mechanisms used by these bacteria to weather minerals. The recent results obtained in microcosms also highlight the need for taking into account the ecology of mineral weathering microorganisms and underline that the mineral weathering process in soil is not a simple additive effect of different actors, but that other factors, such as microbial interactions, are involved and need to be monitored.
